This paper reports on an investigation into the space charge formation and decay at different material interfaces. In particular, the influence of the interface between electrode and polymer or polymer and polymer on the space charge dynamics has been studied. Planar samples were subjected to high dc electric stresses for extended periods of time and space charge measurements taken using the pulsed ( ) electroacoustic PEA technique. It has been found that the types of interface between electrode and polymer play a significant role in determining the charge distribution in the insulation and that the interface between polymer and polymer acts as a potential barrier to electrons while allowing positive charge carriers through easily.
INTRODUCTION
N practice interfaces are often encountered and have Ibecome a growing area of interest due to their influence on the performance of the whole system. Cable insulation systems for example at the joints have interfaces between different materials. Unlike the case of semicon-Ž . ductors where the interfaces pn junctions are of great benefit, the interfaces in high electrically stressed materials, whether polymerrmetal or polymerrpolymer, can cause accumulation of space charge which can lead to unwanted stress modification. Although interfaces in joints and terminations of extruded HV cables have been identified as crucial parts, some of the mechanisms related to aging and failure are not well known. It has been reported w x 1 that the accumulated space charge at the interface is a more significant factor with regard to stress enhancement than in the bulk. Research into the best interfacial materi- als and its binding structure is becoming increasingly im-Ž . portant. Thermally stimulated discharge current TSDC technique has been used to study polymerrpolymer, polyw x merrmica and polymerroil interfaces 2᎐5 . Suzuoki et al w x 4 , through their research on low-density polyethylene Ž . Ž . LDPE rethylene vinyl-acetate EVA laminates, have proposed that the positive charges injected from the EVA side accumulate near the interface. Recently, Hozumi et w x al 6 have studied the charge behavior in a similar system Ž . using the pulsed electroacoustic PEA technique. They have found that the heterocharge is dominant at the interface. It has long been recognized that the formation of space charge at the interface w hether at an electroderpolymer interface or polymerrpolymer interface is more critical compared to that in the bulk because most electrical failures occur at the interfaces. It has been established that PE-based materials may have considerable concerns when used for dc power cable, particularly w x in the presence of voltage polarity inversions 7 . These concerns were related to the presence of space charge in 1070-9878r r r r r1r r r r r$17.00 ᮊ 2004 IEEE the insulation which can increase the risk of degradation due to local stress enhancement, ionization and energy w x storage 8᎐9 . w x Recent research 10᎐12 on the effects of different electrode materials on space charge formation indicated that the electrode material has a significant effect on the charge injection and therefore on the trapping characteristics of Ž . LDPE. Three different materials, i.e. aluminum Al , Ž . Ž . Semicon Sc and gold Au were used as electrodes for a w x single layer of LDPE 12 . From the carrier injection point of view, the results indicate that for electrons the order is as follows: Sc ) Al while Au injects very little; for positive charges the order is Sc ) Al) Au. The injection rate in the case of Al electrodes is positive charges )electrons while with Sc electrodes the injection rate is electrons ) positive charges. It is also noticed the mobility of electron is much faster than that of positive charge carriers in LDPE. There are different types of semiconducting compounds available for medium and high voltage power caw x bles. Recent investigation 13 into the effect of semiconducting screen has revealed the importance of semicon on the space charge formation in cross-linked polyethylene Ž . XLPE .
Despite of increasing interests in the interfaces, the underlying mechanisms related to charge formation and aging are not well understood. For this reason, the present paper describes the charge formation and distribution in a system containing both electroderpolym er and polymerrpolymer interfaces. Two types of electrodes are considered i.e. Al and Sc as Al has been widely used as electrodes in the laboratory and Sc employed in polymeric w x power cables. Unlike the previous research 14 where the interface is formed from different polymers, the interface in the present study is formed by laminating similar LDPE films.
EXPERIMENTAL DETAILS AND TEST PROTOCOL
LDPE was chosen initially because of its relatively simple chemical structure and its wide applications in cable insulation. Space charge formation in a material is greatly affected by the presence of impurities and additives as they can act either as ionizable centres under a high electric stress or as trapping sites. In order to reduce the influence of the impurities, additive-free low-density polyethy-Ž . lene LDPE was selected for the present study. The thickness of the sample was typically ; 200 m thick, consisting of two layers of ;100 m thick films. Al electrodes with a diameter of 8 mm was evaporated on the sample under vacuum less than 2 = 10 y5 Torr. Although the influence of evaporating process on the material is not clear, it has been widely used to prepare electrodes in the laboratories. For a semicon electrode material, a thin tape Ž was removed from the outer screen made of Borealis . Semiconducting Compound LE 0592 of a commercial power cable; of similar size to the metallic electrode attached to the LDPE sample. The dc resistivity of Sc is less than 100 ⍀ cm at room temperature. A typical sample structure is shown in Figure 1 . The interfaces in cable accessories are between rubber insulating body and cable insulation, stress-cone and epoxy body or adopter-sleeve and joint body. The interface used in the present work may be viewed as a simple representation of the interface w x encountered in an adaptor sleeve and joint body 15 .
The electrical behavior of the interfaces is affected by several factors such as contact pressure, temperature and smoothness of the surfaces. Interfaces without microscopic cavity do not exist and some surface scratches in micron order are inevitable. In order to avoid partial discharges arising from the scratches the size of the cavities should be kept as small as possible. Care has been taken during sample preparation. The observation using the Ž . scanning probe microscopy in the Atomic Force Mode reveals the scratches on the surface of the LDPE films are less than 1 m.
The sample was stressed at different voltage levels up to 10 kV for a period of time at room temperature. The space charge measurements were taken using the PEA Ž TM . system PEANUT , Five Lab , which has a pulse width of 5 ns. The sensor used was a 9 m thick LiNbO mate-3 rial that enables the system to be heated up to 90 ЊC although this was not utilized in the present study. A constant pressure was maintained during the measurements. The spatial resolution of the system is determined by the pulse width, acoustic speed in the material and sensor thickness and was less than 10 m which is considered adequate in the present study. The details about the PEA w x technique can be found in 16 .
The external voltage applied to the sample was increased up to 10 kV gradually with a voltage profile shown in Figure 2 . Space charge measurements were taken at various times during the periods of both ' volts on' and Ž . ' volts off' short-circuit condition . When an acoustic pulse travels through a material it will interact with the material. The absorption and dissipation of the acoustic energy into heat or other forms of energy are the major reasons causing attenuation. On the other hand the dispersion may be caused by the scattering Ž of the acoustic waves due to densely distributed inhomogeneities and frequency dependence of material constants . such as elastic modulus . As a result the pulse will decrease in magnitude and broaden in width. This effect cannot be neglected if a thick sample is in question. A w x signal processing algorithm has been proposed 17 which recovers the signal. However, the sample used in the present study is only ; 200 m, the effect of attenuation and dispersion is not severe, therefore no compensation has been applied in the data processing.
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EXPERIMENTAL RESULTS
SAMPLES WITH THE SAME ELECTRODE MATERIALS
Figures 3 and 4 show the space charge build up with 2 kV, 6 kV and 10 kV applied to the sample with Sc as the electrode material. The results in Figure 3 show only charge distributions at the end of each voltage application. The charge dynamics at 10 kV is shown in Figure 4a . The remaining charge immediately after the removal of the applied voltage and its decay are shown in Figure 4b . Since additive-free LDPE was used in this study the charge generated from ionisation of impurities in the bulk is not considered. The source for the charge measured in the sample is from electrode injection. It can be seen that Ž charge injection takes place at a very low stress ;10 . kVrmm . However, its amount is small. The presence of both positive and negative charges in the sample suggests that the injection occurs at both electrodes. As expected, Ž .
Ž . 1070-9878r r r r r1r r r r r$17.00 ᮊ 2004 IEEE the amount of the injected charge increases with the applied voltage. At the end of the voltage application of 6 kV, there is a significant amount of positive charge accumulated in the layer next to the anode with its maximum close to the polymer interface. In the layer next to the cathode, charge distribution is more complicated. There is a large amount of negative charge accumulated adjacent to the polymer interface followed by a small amount of positive charge in the middle of the layer. The broad peak due to the charge on the cathode indicates the presence of negative charge adjacent to the cathode. The above charge distribution becomes more clear when 10 kV was applied to the sample. The positive charge injection process can clearly be seen in Figure 4a . At t s 0 min. there are positive and negative charges on both sides of the interface and these are considered as the residue charge generated during the application of 6 kV. However, at t s 5 min. the peak corresponding to the charge on the anode becomes broad in width and lower in magnitude, indicating positive charge injection from the anode. The reduction in the amount of positive charge adjacent to the interface in the layer next to the anode and the increase in the amount of positive charge in the layer next to the cathode suggest that some of the positive charges are able to pass through the interface. The amount of negative charge at the interface increases with the time and these negative charges are injected from the cathode. The movement of positive charge from the anode towards the interface is also evident.
The charge distribution measured immediately after the removal of 10 kV is in agreement with the ' volts on' observation. The charge decreases with time and the rate at which the charge decays is very fast. After 15 minutes the majority of charge in the bulk including the charge at the polymer interface diminishes through either recombination with the positive charge or conducting away from the sample.
Ž .
Ž . The charge distributions with Al electrodes are illustrated in Figures 5 and 6 . At 2 kV only a small amount of negative charge can be observed at the interface. This verifies the assumption that the observed charge in the bulk is generated from charge injection from the electrodes. Otherwise if the charge were produced in the bulk via ionization there should not be any difference between Sc electrodes and Al electrodes at low stress. At 6 kV more negative charges accumulate at the interface with positive charges build up on both sides of the interface. Similar behavior occurs at 10 kV. The charge dynamics at 10 kV is not as obvious as in the sample with Sc electrodes. At t s 0 min, negative charge at the interface is dominant, this is believed to be injected from the cathode during the application of 6 kV. At t s 5 min, it is evident that the positive charge injection takes place as the peak corresponding to the charge on the anode becomes broader. The amount of negative charge at the polymer interface increases due to the injection from the cathode. However, there is a clear indication of the presence of positive Figure 6b shows the space charge distribution measured after the removal of the applied voltage. Compared with Figure 4b , it is clear that the charge distribution is different from the sample with Sc electrodes. In the case of Al electrodes the amount of charge is generally smaller. Charge decay rate seems to be slower. Figures 7 and 8 show the results obtained from the sample with Sc as the cathode and Al as the anode. At 2 kV there is a small amount of negative charge accumulated at the interface. When the applied voltage increases to 6 kV, in addition to the increase in the amount of negative charge at the polymer interface, there is a clear indication of positive charge accumulation in the layer next to the anode. Moreover, it can be seen that a small amount of positive charge is present in the layer next to the cathode with its maximum close to the polymer interface. Increase in the applied voltage leads to more charge being injected into the bulk. Figure 8a shows that the amount of charge in the bulk also increases with the duration of the voltage application. Once the applied voltage is removed the remaining charge is shown in Figure 8b . The distribution differs slightly from that when the applied voltage is on. It can be seen that negative charge appears in the layer next to the Sc electrode and positive charge in the layer next to the Al electrode. Again at the interface there is a large amount of negative charge. Compared with the sample with the same electrodes the amount of negative charge at the interface is lower than for Sc electrodes but higher than for Al electrodes. 
SAMPLES WITH DIFFERENT ELECTRODE MATERIALS
Ž .
Ž . Figure 8 . Charge distributions in Sc y yLDPErLDPE-Al q at 10 kV.
Ž . the anode and Al as the cathode. At 2 kV there is a small amount of positive charge in the bulk with its maximum adjacent to the anode. The amount of the positive charge increases with the applied voltage and the maximum moves from the interface with 6 kV applied to the region adjacent to the cathode at 10 kV. Charge dynamics are clearly shown in Figure 10a ; the positive charge packet is formed at the anode and moves towards the cathode. Figure 10b shows the space charge distribution once the external voltage is removed. Comparing the results with those obtained previously, there are two features: only positive charge is observed across the bulk and there is no subtle change in charge distribution at the polymer interface. Charge decay in this case is fairly fast.
DISCUSSIONS w x
According to the electromagnetic theory 18 , charge density, , at an interface between two dielectrics is determined by the following equation
where ␥ and ␥ represent the conductivities of materials 1 2 1 and 2, and the dielectric constants of materials 1 1 2 and 2, respectively. This theory has been employed to describe charge formation and decay at the interfaces bew x tween different polymeric materials 19, 20 , however, it experienced a difficulty in explaining quantitatively the amount of charge present at the interfaces. An attempt has been made to explain the charge formation at the interface formed between different materials such as EVA w x and LDPE in our earlier research 14 using the theory. It only agreed in terms of charge polarity. In the present study, as the same material is involved, therefore we have ␥ i.e. the charge density at the interface formed by the same material should be zero. The observed charge at the interface clearly defies the theory. There are two main reasons for this discrepancy. Firstly, in the field range the material cannot be viewed as a linear system. It is well known that the conductivity of insulating materials is dependent on w x the electrical stress 21 , while the permittivity of the materials is less influenced by the electric stress. Secondly, charge transportation in the material is influenced by the presence of traps and trapping characteristics. In particular, due to broken bonds and chain folds at the surfaces of the materials the traps originated from the surface states play an important role in forming charges. The charge polarity is determined by the nature of surface states.
As mentioned earlier, addition-free LDPE is used in the present study and the ionization which may form heterocharge can be discounted. Any charge measured in the bulk is considered as charge injection from the electrodes. This fact has been partially verified by the results from the samples with different electrodes shown in Figures 3  and 5 . It would show the similar charge distributions if the ionization of impurities were a dominant factor in charge generation. The charge distribution clearly shows the electrode dependence and is affected by the interface.
Under the influence of the applied electric field, the injected positive charge moves towards the cathode while the injected negative charge towards the anode. Once space charges develop in the bulk of the sample due to the trapping process, these trapped charges create an electric field. The total field is the resultant field of the applied field and the space charge field.
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Charge injection at the electrodes is determined by the local electric field. The process may be governed by either Schottky injection which depends on the potential barrier 1070-9878r r r r r1r r r r r$17.00 ᮊ 2004 IEEE height at the interface or tunnelling which strongly dew x pends on the width of the barrier 22 .
By examining the space charge distributions in the samples with different electrode combinations either with volts on or volts off, it is evident that the polymer interface acts as electron traps, but has little effect on the positive charge.
In the case of Sc electrodes, injection takes place at both electrodes. Under the influence of the electric field the injected electrons tend to move towards the anode and are blocked by the polymer interface due to the presence of electron traps. On the other hand, the injected positive charge carriers tend to move towards the cathode. Since the interface has little effect on the movement of positive charge carriers, they can move across the interface and reach the layer next to the cathode. It is believed that recombination between electrons and positive charge carriers takes place at the interface and in the layer next to the cathode due to the injected electrons distribution. This results in the charge distribution shown in Figure 3 . The amount of negative charge trapped at the polymer interface reduces the field in the layer next to the cathode and enhances the field in the layer next to the anode. Consequently the injection rate increases at the anode and decreases at the cathode. The electric stress distributions in the samples with the same electrode materials are shown in Figure 11 and they are calculated by integrating the charge density
From the distributions it is clear that the maximum electric field occurs at the polymer interface and the estimated field is ; 77 kVrmm for Sc electrodes, much higher Ž . than the applied field 50 kVrmm . This has a significant implication for power cable systems as polymer interface occurs in the joints or terminations. A high local electric field can lead to partial discharge activity, resulting in degradation of the material and possibly premature failure of the system.
For the Al electrodes, as the rate of positive charge carrier injection is greater than that of electron injection, similar to the Sc electrodes, positive charge carrier injection is enhanced by the presence of the trapped electrons at the polymer interface. Many positive charge carriers can cross the interface and distribute in the bulk of the layer next to the cathode. The recombination at the interface can also take place. Since the charge injection rate of Al is lower than that of Sc, the amount of charge in the bulk of the sample is less. Therefore, the electric field enhancement is not significant compared to that with Sc electrodes. The maximum electric stress is again at the interface and has a value of 60 kVrmm.
In the case of Sc as the anode, the apparent velocity of positive charge carriers can be estimated by the positive peak position in the bulk of the sample as illustrated in Figure 12 . It is noticed that the apparent velocity of the positive charge changes with time and the average apparent velocity in the sample with Al as the cathode is higher than that in the sample with Sc as the cathode, delaying the movement of the electrons. The reason is that the injected electrons from the Sc electrode can neutralise with the positive charge carriers from the anode. It has been known that the Al electrode injects much less electrons than the Sc electrode, consequently the recombination between electrons and positive charge carriers is limited. The movement of the charge in the bulk will also depend on the effective electric field. The velocity of charge carrier at a particular moment is affected by several factors such as the local electrical field and trapping characteristics. Some of these factors are time dependent, leading to a time dependent velocity. polarity are mainly determined by the Sc electrode. The electric stress distributions after being stressed at 10 kV for 30 minutes are shown in Figure 13 . When Sc acts as the cathode and Al as the anode, electrons dominate with the maximum at the polymer interface. The electric field in the layer next to the Al electrode is enhanced, resulting in the increase in positive charge carrier injection. The positive charge carriers may be able to cross the interface but will be recombined with the large amount of electrons from the Sc electrode, hence the charge distribution as shown in Figure 8 .
When Sc acts as the anode and Al as cathode, a large amount of positive charge carriers inject from Sc and much less electrons inject from Al. As stated earlier, the polymer interface has little effect on the movement of positive charge carrier, consequently, the positive charges distribute across the bulk of the sample with its maximum adjacent to the cathode. This kind of distribution reduces the stress in the layer next to the anode and increases the stress in the layer next to the cathode as shown in Figure  13 . The increase in electric stress at the cathode enhances electron injection. However, due to lower electron injection rate of Al compared to higher positive charge carrier injection rate from Sc anode, any electrons injected from the cathode will be neutralised. The maximum electric stress in this case is ;90 kVrmm.
The apparent velocity of the positive charge movement is also illustrated in Figure 12 . Compared with the sample with Sc as the cathode the apparent velocity of positive charge carriers in the present situation is higher. There may be two reasons for this. Firstly, the electric stress is higher and it is expected that the velocity of the charge carrier will increase with the electric stress. Secondly, the amount of electron injection from the Sc cathode is higher than that from the Al cathode and the neutralisation between electrons and positive charges reduces the speed of the movement of the positive charge.
On several occasions the word recombination has been used where the reduction in the amount of measured charge is observed. Care must be taken as the PEA tech-Ž . nique only gives the resultant charge or net charge . The reduction in charge could also be explained in terms of positive and negative charge closely located in the bulk of the sample. Further investigation is required to understand the exact mechanism causing charge reduction.
CONCLUSIONS
HE effect of the interface between the two LDPE Tl ayers on space charge formation in the bulk of the sample has been reported. Sc and Al were used as electrode to form different combinations. Following conclusions may be drawn:
The interface between two layers of LDPE acts as traps for electrons but not for positive charge carriers. The charge distribution in the bulk of the sample strongly depends on the electrode materials. In the case of Sc electrodes the maximum electric field occurs at the interface. This fact needs to be taken into account when designing joints for polymeric power cable system. When different Ž . electrode materials Sc and Al are involved, the maximum electric field is likely to occur at the interface between the polymer and Al electrode.
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